ABSTRACT
Infection of the genital tract by mucosotropic human papillomavirus (HPV) types is nearly ubiquitous. 1 Most infections are asymptomatic and innocuous. Yet a subset of infections with high-risk HPV types may lead to transformation of the cervical epithelium, producing cervical neoplasia. 1, 2 Hence, more than 95% of cervical cancer is caused by a panel of 13 to 14 HPV types that are detected in clinically valid HPV screening tests. [3] [4] [5] [6] [7] As cervical cytology may miss a significant percentage of precancer or cancer cases, many countries have implemented HPV testing to supplement 8, 9 or, in some cases, replace 10 cytology-based cervical cancer screening. In the United States in 2018, HPV testing is recommended for screening as a triage for atypical squamous cells-undetermined significance (ASC-US) cytology in women 21 years or older, as an adjunct test to cytology in women 30 years or older, or as a primary screening test in women 25 years or older or 30 years or older. [11] [12] [13] [14] Several randomized clinical trials have demonstrated that HPV-based screening reduces the incidence of high-grade cervical intraepithelial neoplasia (CIN) or cervical cancer cases during subsequent screening rounds compared with cytology alone.
DOI: 10.1093/ajcp/aqy169 and 5.2%, respectively) have been identified as a US benchmark for referral to colposcopy. [22] [23] [24] For women 30 years or older, cotesting with HPV more effectively predicts risk for cervical cancer and precancer, compared with cytology alone, and facilitates extension of the screening interval duration from 3 to 5 years. 11, 14 In addition, cotesting increases sensitivity to detect CIN3 or higher cervical pathology, 25 provides greater negative predictive value, 26 and offers assurance in the accuracy of a negative screening result. 12, 17, 27, 28 Although HPV testing improves the ability to detect women who are at high risk for cervical cancer and precancer, the prevalence of HPV in women without cervical disease reduces the specificity of cotesting during screening. Genotyping for HPV-positive women can increase the ability to assess risk in cotesting scenarios compared with testing only for overall, pooled HPV results. 29 For example, Schiffman et al, 30 studying a partial genotyping assay, demonstrated that women (≥30 years of age) with negative for intraepithelial lesions or malignancies (NILM) cytology were at higher cumulative 3-year risk for CIN3 or higher pathology if they were HPV 16 (10.3%) or HPV 18 (5.0%) positive, compared with those positive for any HPV type other than HPV 16/18 (2.3%). Stratification in this way can effectively allow for triage of women at or above the threshold for a referral to colposcopy, without generating a large number of additional, unnecessary colposcopies for women not at a high risk for cancer. 29, 31 The Onclarity (Becton, Dickinson and Company, BD Life Sciences-Diagnostic Systems) HPV assay was approved by the US Food and Drug Administration (FDA) as an HPV assay for use during cotesting with liquid-based cytology (LBC) in women 30 years or older and is the first DNA test approved for individual reporting of HPV 16, 18 , and 45 with this cotesting strategy. This report describes baseline data from the Onclarity HPV trial, a study involving over 33,000 women (≥21 years of age), conducted to determine the performance of the Onclarity HPV assay during routine screening. Here, a subset of women with NILM cytology was selected to determine the efficacy of overall HPV (any of 14 highrisk HPV types) and specific genotypes 16, 18, and 45 for improving risk stratification as a cotest with LBC in women 30 years or older.
Materials and Methods
The study protocol was approved by institutional review boards at all study sites, and written informed consent was obtained prior to any trial-related procedures. This study was conducted according to the principles set forth by the Declaration of Helsinki and Good Clinical Practice. This report was prepared according to Standards for Reporting of Diagnostic Accuracy (STARD) reporting standards.
The study protocol, including details of each visit, is described in detail in a prior publication. 32 For clarity, relevant details are briefly as follows.
Study Design
This study was conducted in two phases: a baseline and a 3-year longitudinal phase. The baseline design and selection algorithm for a referral to colposcopy and biopsy, established by LBC result, age, and HPV results for the baseline study, have been described in detail previously. 32 Subject reconciliation for specimens used in this study is shown in ❚Figure 1❚.
The primary study end point was detection of biopsy-proven, high-grade (CIN grade 2 [CIN2] or higher) lesions (CIN2, CIN3, adenocarcinoma in situ, and invasive cervical cancer). Of the 33,858 screened patients, 224 were excluded due to nonevaluable cytology. Of the remaining 33,634 specimens, those with ASC-US or higher (n = 3,082) were discussed in Wright et al, 33 and a further 63 with unsatisfactory cytology were not included in the current analysis. Likewise, 8,106 patients were younger than 30 years, leaving 22,383 patients, 30 years or older, with a NILM cytology result. In total, 19,164 patients were not referred to colposcopy/biopsy because they were either negative for HPV at screening or were not included with the 5% of negative patients who were randomly selected for referral. Of the remaining 3,219 patients referred to colposcopy, 1,228 were HPV negative (for all HPV tests) and 1,991 were HPV positive (for any HPV test). From this group, 373 were lost to follow-up, 208 withdrew consent, 21 exited due to pregnancy, eight samples were not used due to collection error, four exited due to hysterectomy, two exited due to a decision by the principal investigator, and six samples were not used due to nonevaluable histology. The final number of NILM (≥30 years) patients with all required specimens evaluable and with complete results in this study was 2,597. The overall HPV vaccination rate (≥1 dose) permitted in the study was capped at 10%.
Enrollment Visit (Study Visit 1)
Two cervical samples were placed into separate LBC vials; one BD SurePath vial (TriPath Imaging) was collected first, followed by one PreservCyt vial (Hologic) .
Cytology reporting was performed according to the 2001 Bethesda System. Here, NILM indicates negative for intraepithelial lesion or malignancy, ASC-US indicates atypical squamous cells-undetermined significance, and LSIL and HSIL indicate low-and high-grade squamous intraepithelial lesion, respectively. 34 Evaluation of cytology was performed without computer-assisted imaging.
The SurePath specimen was used to evaluate cytology and for testing with the BD Onclarity HPV assay (Becton, Dickinson and Company, BD Life Sciences-Diagnostic Systems). The PreservCyt sample was used for Onclarity HPV and the digene Hybrid Capture 2 (HC2; Qiagen) assays. As all women had NILM cytology in this analysis, referral to colposcopy was based solely on at least one positive HPV result from either Onclarity (regardless of LBC collection method) or HC2; a subset of HPVnegative patients was selected for colposcopy/biopsy as controls. Henceforth in this report, HPV indicates highrisk HPV, unless otherwise noted.
Colposcopy and Biopsy Visit (Study Visit 2)
Women selected for colposcopy/biopsy underwent the procedure within 84 days of the enrollment visit, and colposcopists were masked to cytology and HPV assay results. Biopsies were obtained from any lesion or acetowhite area, or a random biopsy, at the squamocolumnar junction, was performed. An endocervical curettage (ECC) was collected from all patients during colposcopy.
Here, as in Stoler et al, 32 a three-tiered CIN terminology was used for adjudication of histology: CIN grade 1 (CIN1) indicates LSIL, CIN2 indicates HSIL (CIN2), and CIN3 indicates HSIL (CIN3). 35 All H&E-stained biopsy specimens and ECC samples were initially reviewed by two pathologists (M.H.S. and T.C.W.). Each pathologist was provided the age of the patient but otherwise was masked to all other study information. Samples, about which the first two diagnoses did not agree, were reviewed by a third pathologist. Consensus was reached when two of the three pathologists agreed on a diagnosis using eight disease categories: unsatisfactory, negative (including no significant pathologic findings, reactive or inflammatory processes, atypical [equivocal] squamous cell or glandular changes, or squamous metaplasia), CIN1, CIN2, CIN3, adenocarcinoma in situ, squamous cell carcinoma, and adenocarcinoma and adenosquamous carcinoma (the latter two were compiled into one category). If all three diagnoses were discordant, the specimen(s) in question were reviewed by all three pathologists, together, to achieve a consensus pathology diagnosis. When at least one reviewer identified a biopsy specimen as CIN2 or when one reviewer rated a specimen as CIN2 or higher, with a second reviewer scoring the same sample as less than CIN2, immunostaining for p16 INK4A was employed while adjudicating a final diagnosis.
Statistical Analysis
Data for prevalence estimates were limited to patients with key demographic information, LBC results, and HPV assay results for all genotypes. Verification bias adjustment (VBA) was used to normalize for the difference in the rate of selection for colposcopy/biopsy (briefly, the entire population was stratified based on HPV results from the assays used in the study; then, CIN-disease status for all patients who did not undergo colposcopy was imputed at the same rate as the observed rates in the patients who underwent colposcopy). 36 Unadjusted performance values (sensitivity, specificity, positive predictive value [PPV], negative predictive value [NPV], positive likelihood ratio [PLR] , and negative likelihood ratio [NLR]) were determined using standard statistical methods. VBA-adjusted absolute risk values were calculated by classifying patients hierarchically as HPV 16, else HPV 18, else HPV 45, else HPV 11-other positive, else HPV negative. Ninety-five percent confidence intervals (CIs) for adjusted performance values and adjusted risks were calculated by using bootstrapping. The lower and upper limits for the 95% CIs were determined using the 2.5th and 97.5th percentiles of the bootstrapped distribution.
Results

Demographics of NILM Study Population
In this trial, 22,383 patients were 30 years or older and had NILM cytology ❚Table 1❚. The mean (43.9 years) and median (43 years) ages were similar in this study population. The racial makeup of this study population was 80.4% white, 16.6% African American, and 1.5% Asian. Hispanic participants represented 20.5% of the study population. The patients were largely nonsmokers, with only 33.9% of patients reporting to be current or former smokers. Given that the HPV vaccine was introduced to the market in 2006, 97.2% of the study population was unvaccinated. Only 1.3% of the patients were immunocompromised. In this population, 10.4% and 6.4% of the patients reported having abnormal cytology or had a colposcopy procedure, respectively, within 5 years prior to participation in this study ( Table 1) .
Prevalence of High-Risk HPV
Of the 22,383 patients with NILM cytology who were included in this study, 22,284 had evaluable HPV results using the Onclarity assay ❚Table 2❚. Of these patients, 7.9% were positive for any HPV genotype by Onclarity-compared with 6.9% for patients tested with HC2. The prevalence of any HPV-positive result tended to decrease with increasing age. HPV 16 was the most prevalent genotype (1.5%); HPV 18 and HPV 45 had prevalence values of 0.4% and 0.5%, respectively. The combined prevalence of 
HPV Assay Performance
Assay performance characteristics, including sensitivity, specificity, PPV, NPV, PLR, and NLR, for detection of high-grade cervical disease, were determined for Onclarity and HC2 in this study population. Unadjusted Onclarity sensitivity values for CIN2 or higher and CIN3 or higher were 87.5% and 93.5%, respectively; unadjusted specificity values of Onclarity for CIN2 or higher and CIN3 or higher were 48.6% and 48.3%, respectively ❚Table 3❚. Overall PPV for Onclarity was 5.2% for CIN2 or higher and 3.2% for CIN3 or higher. NPV for Onclarity was more than 99% for all high-grade lesion end points. VBA performance values for Onclarity and HC2 were also determined; using Onclarity, sensitivity values for CIN2 or higher and CIN3 or higher were 44.1% and 69.5%, respectively, and specificity values were 92.4% and 92.3%, respectively.
VBA Absolute Risk by HPV Status
VBA absolute baseline risk associated with overall HPV-positive results and with HPV genotypes 16, 18, and 45 was determined for CIN2 or higher and CIN3 or higher ❚Table 4❚. Patients with any HPV-positive result had a 5.1% and 3.0% risk for CIN2 or higher and CIN3 or higher, respectively. There was a trend toward a decreased risk for both disease grades with increasing age. Patients positive for HPV 16 had elevated risk values for both CIN2 or higher (9.3%) and CIN3 or higher (6.9%) compared with overall HPV-positive results. HPV 18 was associated with risk values of 3.9% and 2.6% for CIN2 or higher and CIN3 or higher, respectively; for HPV 45, the risks were 2.2% and 1.1%, respectively. Absolute risks associated with the 11 other HPV genotypes as a group for CIN2 or higher and CIN3 or higher were 4.3% and 2.2%, respectively. Stratification by HPV 16/18/45 resulted in risk values for CIN2 or higher and CIN3 or higher of 6.8% and 4.9%, respectively.
Discussion
In the past two decades, the concept of equal management for equal risk has been emphasized in cervical screening and management guidelines. 13, 23, 24, 37 Results from this large, prospective, US-based clinical HPV assay validation trial demonstrate that performance of the Onclarity assay for detection of CIN2 or higher and CIN3 or higher is similar to that of an established, clinically validated HPV assay (HC2). However, unlike HC2, the Onclarity assay's integrated genotyping capability provides strong evidence that HPV detection and genotyping deliver clinical utility as an adjunct test with cytology during cervical cancer screening. In particular, these baseline results indicate that the Onclarity HPV assay can effectively predict elevated risk for both CIN2 or higher and CIN3 or higher pathology in women 30 years or older with NILM cytology-a population that, prior to the introduction of cotesting, was considered extremely low risk. Finally, these results show that the differential stratification of risk through the detection of individual genotypes (HPV 16, 18, or 45) has the potential to affect patient care pathways in this population.
The demographic makeup and HPV prevalence reported here are similar to demographics previously reported in studies involving other FDA-cleared HPV assays. For example, the Addressing the Need for Advanced HPV Diagnostics (ATHENA) study population was demographically similar, with a mean age of 44.9 years and an ethnoracial makeup of white, 84.3%; African American, 13.0%; Asian, 1.4%; and Hispanic/ Latino, 17.8%. 29 Here, the prevalence of overall HPV (7.9%) was similar to prevalence values reported for other FDA-approved HPV assays in NILM populations ❚Table 5❚, including the cobas HPV (Roche) 40 and Aptima HPV (Hologic) 38,39 assays, which reported a prevalence of the performance for the detection of CIN2 or higher and CIN3 or higher was conducted for Onclarity and compared with that for HC2. For all performance values measured (sensitivity, specificity, PPV, NPV, PLR, and NLR), Onclarity was largely in agreement with HC2. VBA was applied to the data to account for patients not assigned to colposcopy. As expected, VBA led to lower sensitivities and higher specificities for CIN2 or higher and CIN3 or higher compared with unadjusted values. Similar results have been shown in previous studies involving HPV screening for detection of cervical disease. 41, 42 Similar to previous studies, 29 VBA likely deflated sensitivity due to an overestimation of disease prevalence in the large group of NILM/HPV-negative patients who were randomly not assigned to colposcopy. However, VBA adjusted values for Onclarity were similar to those obtained for HC2, indicating that Onclarity is a clinically valid assay in this screening population.
HPV infection is necessary for the development of cervical cancer, and several prospective and cross-sectional studies have shown that including HPV in a cotesting regimen with cytology can both increase concurrent detection of cervical disease and decrease its occurrence in subsequent rounds of screening. 6, [16] [17] [18] 20, 27, 29, [43] [44] [45] [46] As a result, guidelines recommended an extension in the screening interval for women 30 years or older from 3 years with cytology only to 5 years when using cotesting.
This reflects the improvement in NPV conferred by a negative HPV result and is accompanied by increased assurance for women undergoing cervical cancer screening. Although the 5-year interval for HPV-negative women has been controversial, it continues to be recommended in the recent US Preventive Services Task Force guidelines. 11, 47 Here, the Onclarity assay resulted in an NPV of 99.8% for CIN3 or higher, which is consistent with previous reports 27, 28 and supports an extended screening interval based on a negative cotesting result.
According to current US guidelines, acceptable actions following an HPV-positive result in the NILM population during screening include either repeat cotesting after 1 year or concurrent HPV genotyping. For the latter step, HPV 16/18-positive women would be directed to colposcopy, whereas HPV 16/18-negative women would undergo repeat cotesting in 1 year. An HPVpositive result with the Onclarity assay in this screening population imparted a VBA risk for CIN2 or higher and CIN3 or higher of 5.1% and 3.0%, respectively, compared with 0.5% and 0.1%, respectively, as determined in HPV-negative individuals. These results are similar to risk values determined for CIN2 or higher and CIN3 or higher reported from the ATHENA trial, which spawned the aforementioned use of 16/18 partial genotyping. 29 Genotyping for HPV 16 resulted in a higher detection of risk for both CIN2 or higher (9.3% for HPV 16 vs 5.1% [48] [49] [50] Adenocarcinoma and adenocarcinoma in situ associated with HPV 18 and 45 are often found originating in the endocervical canal 2, 51 and are usually cytologically or colposcopically undetectable. 51 Therefore, guidelines that recommend individual genotyping with HPV 18 (and perhaps in the future some cases with HPV 45), when cotesting or using primary screening, are based in part on the ability to detect occult glandular neoplasia associated with these two genotypes (from cross-sectional studies), not the risk of CIN2 or higher or CIN3 or higher (from prospective studies). Future considerations for risk-based colposcopy procedures involving HPV 18-positive and HPV 45-positive women may include the performance of an ECC, regardless of whether a punch biopsy is performed.
In summary, these findings validate the Onclarity HPV assay for clinical detection of 14 high-risk HPV genotypes as a pooled result and detection of individual genotypes 16, 18 , and 45 in women 30 years or older with NILM cytology. The performance values and risk detection obtained using Onclarity establish its utility for use within the current US cervical cancer screening guidelines for cotesting. The CIN3 or higher risk values for HPV 16, HPV 16/18, and HPV 16/18/45 in women with NILM cytology, determined here, exceed the 5-year threshold (5.2%) for CIN3 or higher. Furthermore, the results described here are in agreement with established risk thresholds for non-HPV 16/18, HPV-positive results that direct repeat testing at 12 months, and a 5-year screening interval following a negative result with HPV testing. 52 Thus, Onclarity conforms to the parameters for HPV detection in the currently accepted cotesting screening strategy.
